Introduction {#sec1}
============

Laryngeal cancer (LCa), known to be one of the most common cancers of the head and neck area, accounts for approximately 2% of newly diagnosed tumors worldwide.[@bib1]^,^[@bib2] Histologically, more than 90% of LCa cases are categorized as squamous cell carcinomas.[@bib3] Therapeutic options, including surgical intervention, radiation, and combination therapies, are effective treatments for LCa at an early clinical stage. However, the treatment for advanced LCa cases still needs additional improvements, although significant advances have been obtained in the past few decades.[@bib4], [@bib5], [@bib6] The diffusion of LCa cells in perineural space is often associated with poor prognosis and, therefore, it requires surgical therapeutic treatment associated with adjuvant radiotherapy.[@bib7] Total laryngectomy is often required as a therapeutic intervention for the progressed LCa, but such surgical modality strongly adversely affects patient's quality of life. For example, the dissection causes loss of voice and appearance deterioration. Furthermore, another severe problem is the possibility of cancer recurrence even after laryngectomy. Therefore, we urgently need to develop promising methods for early detection and effective clinical management of LCa to reduce disease morbidity and mortality and to improve quality of life among patients.

Metastases, which are tumor cells traveling from a primary site to distant organs, leading to the formation of new tumor colonies, are often responsible for a cancer patient's unfavorable outcome.[@bib8]^,^[@bib9] LCa can spread to cervical lymph nodes, which represent the first site of metastasization, and change the therapeutic approach to LCa patients who, in this case, require a more aggressive surgical strategy. The propensity of LCa to cause node metastases is correlated to both the anatomic site of origin and the molecular characteristics of the tumor. In this light, metastatic nodal involvement represents a crucial prognostic factor of LCa.[@bib10] In fact, the overall survival rate in LCa patients has a stronger association with node metastases compared to tumor extension.[@bib11] Conventional imaging analyses, such as computed tomography (CT), positron-emission tomography (PET), and MRI, generally used for diagnostic purposes, are able to confirm the occurrence of metastases, whereas micrometastases (not visible with conventional imaging) detection is still a challenge. Additionally, reliable molecular markers have not been found to accurately predict the presence of malignant metastases in patients. Likewise, effective treatment protocols also need further improvement.

MicroRNAs (miRNAs) belong to small, highly conserved non-coding RNA molecules (approximately 22 nt) that have a pivotal role in the regulation of gene expression at the post-transcriptional level. miRNAs work as either oncogenes or tumor suppressors, depending on their target messenger RNAs (mRNAs) and on the precise cell context. One miRNA negatively regulates multiple genes through imperfect binding to complementary sites in 3′ untranslated regions of target mRNAs, leading to mRNA degradation (does not occur in humans) or translational repression.[@bib12], [@bib13], [@bib14] Accumulated evidence has shown that miRNAs are closely associated with diverse pathological processes, such as cell proliferation, differentiation, apoptosis, and metastases in different malignancies.[@bib15]^,^[@bib16] Numerous studies have demonstrated that miRNA expression patterns are aberrantly altered in different types of cancers, including LCa.[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] Due to these intriguing findings, definition of unique miRNA signatures in each cancer could contribute to a deeper understanding of molecular pathogenesis mechanisms and to the development of new powerful diagnostic and therapeutic approaches.

Several previous studies carried out by us and other authors have demonstrated the association between deregulated miRNAs and malignant progression, recurrence, and clinical aggressiveness of LCa.[@bib23], [@bib24], [@bib25], [@bib26] Nevertheless, metastases-associated miRNAs in LCa remain to be defined. Therefore, further investigations aimed at identifying aberrant miRNA signatures in LCa appear necessary to lead to the elucidation of pathological mechanisms driving nodal involvement.

In the present study, we investigated miRNA expression patterns in LCa tissues in order to develop new reliable biomarkers for the definition of LCa prognosis, as well as for the prediction of nodal metastases and also for the identification of new therapeutic candidates for either replacement therapy or miRNA inhibition. The pathological characterizations of LCa and the available tissue biomarkers are still limited and do not allow a deep understanding of both molecular characteristics and spreading propensity. Based on these considerations, and to identify a nodal miRNA signature in LCa patients, we performed a comprehensive miRNA screening assay, followed by a validation test employing quantitative reverse transcription PCR (RT-qPCR) in LCa tissues affected by either lymph node metastases (N+) or not (N−). We found significant downregulation of miR-133b and miR-449a in LCa tissues with diagnostic potential for the disease and predictive potential for its nodal metastasis, respectively. Some previous reports also showed the tumor-suppressive role of miR-449a in other cancer types,[@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32] so we attempted to determine the biological functions of miR-449a in LCa. Through both gain- and loss-of-function studies in LCa cells, we observed the ability of miR-449a in suppressing metastatic factors such as cell proliferation, migration, and invasion *in vitro* assays. Moreover, we found that miR-449a inhibits, as direct target genes, the expression of Notch1 and Notch2, known as oncogenes in LCa.[@bib33]^,^[@bib34] Collectively, our findings suggest that miR-449a works as an anti-tumor gene in LCa with potential for use as a therapeutic weapon for the prevention of LCa metastases.

Results {#sec2}
=======

Profiling of miRNA Signatures in LCa {#sec2.1}
------------------------------------

We performed a comprehensive PCR array-based screening, as described in [Materials and Methods](#sec4){ref-type="sec"}, to determine miRNA signatures in LCa tissues. Clinical parameters of enrolled subjects are summarized in [Table 1](#tbl1){ref-type="table"}. For miRNA profiling, clinical LCa tissue samples, collected from LCa patients with lymph node metastases (N+) (n = 23) or without (N−) (n = 23) and their adjacent normal counterparts (n = 30), were divided into five pools as mentioned in [Materials and Methods](#sec4){ref-type="sec"}. The PCR array analysis showed 309 miRNAs with either commonly or differentially detectable patterns across each group (N+, N−, and normal group) ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C). In addition, a hierarchical clustered heatmap exhibited different miRNA expression profiling among the groups ([Figure 1](#fig1){ref-type="fig"}), suggesting a miRNA dysregulation depending on laryngeal tissue context.Table 1Clinical Information for All LCa Patients EnrolledCharacteristicsn (%)Age (year)≤6045 (59.2)\>6031 (40.8)Sexmale63 (82.9)female13 (17.1)T classificationT1--T215 (19.7)T3--T461 (80.3)LNMN038 (50.0)N1--N438 (50.0)[^2]Figure 1Hierarchical Clustering Demonstrating the Global and Distinct Expression Levels of miRNA across the Screening SetThe heatmap summarizes the differential patterns of miRNA expressions across the groups, profiled by the results of PCR array assays. The clustering analysis was performed by package R (version 3.4.3).

According to the expression pattern, 30 miRNAs were statistically significantly deregulated between cancers (N+ and N−) and normal tissues (p \< 0.05) ([Table 2](#tbl2){ref-type="table"}), and, among them, 7 miRNAs (miR-133b, miR-184, miR-181a, miR-1, miR-140-3p, miR-198, and miR-885-5p) were drastically changed in their levels (p \< 0.01). Furthermore, the expression of eight miRNAs was also highly altered in N+ when compared to N− (p \< 0.05) ([Table 3](#tbl3){ref-type="table"}). Among them, four miRNAs (miR-545, miR-449b, miR-449a, and miR-652) were more significantly deregulated (p \< 0.01).Table 2Significantly Deregulated miRNAs among Laryngeal Cancer Tissues Compared to Their Paired Noncancerous CounterpartsMicroRNAΔΔCt2^−ΔΔCt^ (FC)95% CI for FCRegulationp ValueFDR-Adjusted p ValuemiR-133b3.550.08−0.07--2.69down0.00040.06miR-184−3.6112.15.44--41.87up0.00040.06miR-181a−2.144.292.70--6.59up0.00160.17miR-13.460.09−0.03--1.47down0.00290.23miR-140-3p1.300.410.32--0.62down0.00600.34miR-198−3.7613.9−0.95--36.12up0.00690.34miR-885-5p4.060.060.05--0.55down0.00870.35miR-139-5p1.790.290.22--0.44down0.01240.35miR-590-5p−1.182.301.47--2.52up0.01260.35miR-324-3p−0.861.870.98--2.02up0.01380.35miR-886-3p−1.813.480.84--6.82up0.01450.35miR-196b−2.917.465.93--15.58up0.01660.35miR-449b1.600.330.10--2.31down0.01700.35miR-185−2.344.922.85--7.06up0.01740.35miR-155−1.102.141.58--2.93up0.01800.35miR-28−1.492.831.82--3.56up0.01920.35miR-142-3p−2.234.593.59--5.53up0.01940.35miR-490−1.563.031.46--4.37up0.02160.35miR-331-5p−4.4021.16.02--32.57up0.02410.35miR-20b−0.902.001.26--2.23up0.02440.35miR-21−2.908.005.16--11.52up0.02480.35miR-425-5p−1.312.461.73--4.56up0.02500.35miR-147b−1.813.481.67--7.65up0.02560.35miR-133a5.170.03−0.07--0.96down0.02650.35miR-301−2.716.504.96--10.23up0.03120.39miR-5391.730.31−0.24--2.89down0.03370.41miR-3753.920.070.11--0.49down0.03670.42miR-132−1.012.001.54--2.55up0.03800.42miR-138−1.753.252.05--6.96up0.03810.42miR-182−1.883.732.42--5.10up0.03960.42[^3]Table 3Significantly Deregulated miRNAs in N+ Compared to N−MicroRNAΔΔCt2^−ΔΔCt^ (FC)95% CI for FCRegulationp ValueFDR-Adjusted p ValuemiR-545−4.9329.9−3.73--150.39up0.0030.74miR-449b3.410.090.06--0.19down0.0060.74miR-449a2.800.140.01--0.49down0.0090.74miR-6521.780.290.20--0.45down0.0090.74miR-96−3.269.87.27--14.93up0.0120.76miR-512-3p−4.1217.1−127.45--501.93up0.0280.99miR-6276.320.010.01--0.02down0.0440.99miR-3722.750.140.14--0.39down0.0440.99[^4]

These results showed significant deregulation of several miRNAs in malignant laryngeal tissues, thus implicating their relevance to carcinogenesis and malignant metastasis as well as their potential use for both diagnostic and therapeutic purposes.

Criteria for Selection of Candidate miRNAs {#sec2.2}
------------------------------------------

Below are shown the criteria defined to carefully select tissue miRNA biomarker candidates, which may be significantly correlated to cancer pathogenesis and metastatic potential in LCa, with an appropriately detectable expression level: (1) mean Ct value ≤35.0 for each group (N+, N−, and normal group), and (2) Ct ≤ 35.0 in at least 50% of pools. We assumed that a mean Ct value higher than 35.0 across all pools is inappropriately determined due to its low expression level. For example, miR-545 was significantly deregulated in our screening ([Table 3](#tbl3){ref-type="table"}), but this miRNA was excluded from the next validation assessment because not only did its mean Ct value exceed 35.0, but it was also lower than 35.0 for less than 50% of the samples. These criteria provided us with reliable potential tissue biomarker candidate miRNAs for the subsequent validation set. Based on these premises, we selected three miRNAs (miR-133b, miR-449a, and miR-652), which were significantly deregulated between the cancer group and normal ones, or between N+ and N−, individually. Among the candidates, miR-133b was downregulated in the cancer cohort compared to the normal one with a fold change (FC) = 0.08 (p = 0.0004) ([Table 2](#tbl2){ref-type="table"}). Alternatively, miR-449a and miR-652 were down-modulated in N+ compared to N− with FC = 0.14 (p = 0.009) and FC = 0.29 (p = 0.009), respectively ([Table 3](#tbl3){ref-type="table"}). Based on the results, these three candidates, which were considered to be closely related to pathogenesis and metastatic capacity of LCa, were evaluated in a validation test to appropriately determine their expression levels and to select further studies for the analysis of biological functions, with particular reference to the metastatic potential.

Validation Study of Candidate miRNAs in LCa {#sec2.3}
-------------------------------------------

To confirm the findings obtained from PCR array screening, we performed RT-qPCR analysis with a TaqMan miRNA assay as a validation set. As described above, the expression of three miRNAs (miR-133b, miR-449a, and miR-652) was examined. Sixty-four patients, including all samples used for the screening setting, were selected for the validation: 32 N+, 32 N−, and 64 paired normal tissues. For each patient, cancerous and non-cancerous tissues were considered.

The validation setting confirmed upregulation/downregulation and the FC of each miRNA candidate. We used the median value of miRNA expression level to determine its regulation. As a result, the level of miR-133b was remarkably decreased in LCa tissues compared to normal ones (median log~2~ FC = −2.67 \[95% confidence interval (CI) = −3.82 to −1.64\], p \< 0.01) ([Figure 2](#fig2){ref-type="fig"}A), indicating its potential as a malignancy predictor of LCa. In contrast, the slight change of miR-652 (median log~2~ FC = 0.16 \[95% CI = −0.19--0.51\], p = 0.78) ([Figure 2](#fig2){ref-type="fig"}B) and miR-449a (median log~2~ FC = −0.57 \[95% CI = −4.19--3.06\], p = 0.10) ([Figure S2](#mmc1){ref-type="supplementary-material"}A) showed no statistical difference between the cancer cohort and the normal one, in agreement with the screening assessment. Importantly, miR-449a levels in N+ were significantly deregulated compared to N−, even more consistently than the high-throughput screening (median log~2~ FC = −1.96 \[95% CI = −2.70 to −1.21\], p \< 0.01) ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Alternatively, miR-133b was altered but without reaching statistical significance (median log~2~ FC = −1.33 \[95% CI = −2.30 to −0.43\], p = 0.16) ([Figure 2](#fig2){ref-type="fig"}D). Although the screening test showed statistically significant aberrant expression of miR-652, this difference was not confirmed in the validation phase (median log~2~ FC = −0.04 \[95% CI = −0.26--0.43\], p = 0.34) ([Figure 2](#fig2){ref-type="fig"}E). Since miR-449a has great potential to distinguish between N+ and N−, we added 12 pairs of clinical samples (6 N+, 6 N−, and 12 paired noncancerous tissues) to more accurately determine the expression levels of miR-449a in LCa patients. The results of this additional validation unveiled significant differential miR-449a expression in LCa tissues when compared to normal counterparts (median log~2~ FC = −0.57 \[95% CI = −1.30--0.17\], p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}C) and confirmed that miR-449a was much more under-expressed in N+ compared to N− (median log~2~ FC = −1.61 \[95% CI = −2.36 to −0.86\], p \< 0.01) ([Figure 2](#fig2){ref-type="fig"}F).Figure 2Validation of Candidate miRNAs Expression in LCa Tissues(A and B) The expression levels of (A) miR-133b and (B) miR-652 were validated in LCa tissues (n = 64) and the paired normal ones (n = 64) using RT-qPCR. (C) miR-449a expression level in LCa tissues (n = 76) and normal adjacent ones (n = 76). (D and E) The expression levels of (D) miR-133b and (E) miR-652 in LCa tissues with lymph node metastasis positive (N+) (n = 32) were compared to N− cases (n = 32). (F) miR-449a expression level was compared between N+ (n = 38) and N− (n = 38). All results are shown as a box-and-whisker plot. For the normalization, U6 snRNA was used as the endogenous control. Each sample was run in triplicate. Error bars show mean ± SD. A t test was used for the calculation of p values. ∗p \< 0.05, ∗∗p \< 0.01.

To estimate the diagnostic power of each miRNA assessed for the detection of LCa or for the involvement of nodal metastases, we used the receiver operating characteristic (ROC) curve analysis showing the sensitivity, specificity, and area under the curve (AUC). Notably, miR-133b was clearly deregulated but with mild diagnostic power to distinguish between LCa and normal status (sensitivity = 0.80, specificity = 0.64, AUC = 0.76) ([Figure 3](#fig3){ref-type="fig"}A), whereas it was not suitable to predict nodal involvement (sensitivity = 0.56, specificity = 0.63, AUC = 0.56) ([Figure 3](#fig3){ref-type="fig"}D). Alternatively, the increase of miR-652 expression was not enough for either detecting LCa (sensitivity = 0.61, specificity = 0.56, AUC = 0.54) ([Figure 3](#fig3){ref-type="fig"}B) or predicting lymph node metastasis (sensitivity = 0.78, specificity = 0.47, AUC = 0.55) ([Figure 3](#fig3){ref-type="fig"}E). Although miR-449a was not suitable as a diagnostic marker (sensitivity = 0.68, specificity = 0.54, AUC = 0.59) ([Figure 3](#fig3){ref-type="fig"}C), it showed potential performance as a predictive marker of nodal involvement (sensitivity = 0.55, specificity = 0.76, AUC = 0.67) ([Figure 3](#fig3){ref-type="fig"}F).Figure 3ROC Curve Analysis of Each Validated miRNA for Evaluation of Biomarker Potential(A--F) ROC curve evaluated (A) miR-133b in LCa tissues compared to the paired normal counterparts (sensitivity = 0.80, specificity = 0.64, AUC = 0.76); (B) miR-652 in LCa tissues compared to the paired normal counterparts (sensitivity = 0.61, specificity = 0.56, AUC = 0.54); (C) miR-449a in LCa tissues compares to the paired normal counterparts (sensitivity = 0.68, specificity = 0.54, AUC = 0.59); (D) miR-133b in N+ compared to N− (sensitivity = 0.56, specificity = 0.63, AUC = 0.56); (E) miR-652 in N+ compared to N− (sensitivity = 0.78, specificity = 0.47, AUC = 0.55); and (F) miR-449a in N+ compared to N− (sensitivity = 0.55, specificity = 0.76, AUC = 0.67).

Collectively, miR-133b has good potential as a powerful biomarker for the determination of LCa, and miR-449a is a potential predictive biomarker of nodal involvement.

miR-449a-Enforced Expression Inhibited Cell Proliferation and Colony Formation Ability of LCa Cells {#sec2.4}
---------------------------------------------------------------------------------------------------

According to the above results and based on the remarkable potential as a metastasis-associated miRNA, we selected miR-449a for functional studies in an LCa cell line *in vitro*.

First, we evaluated the basal miR-449a expression level in two LCa cell lines (Hep-2 and HNO210) compared to a normal cell model (HaCaT) using RT-qPCR. The result showed that miR-449a basal expression levels were downregulated in Hep-2 (FC = 0.75 \[95% CI = 0.59--0.90\], p \< 0.05) and upregulated in HNO210 (FC = 1.79 \[95% CI = 1.56--2.03\], p \< 0.001) compared to the HaCaT cell line ([Figure 4](#fig4){ref-type="fig"}A).Figure 4miR-449a Suppresses Cell Proliferation and Colony Formation Capacity of LCa Cells(A) Basal miR-449a expression levels in two LCa cell lines (Hep-2 and HNO210) and HaCaT cells. U6 snRNA was used as a housekeeping gene. (B) miR-449a expression in transfected Hep-2 and HNO210 cells with either miR-449a mimic or inhibitor, or the corresponding NC. U6 snRNA was used as a housekeeping gene. (C and D) Cell proliferation was determined after the transfection of either miR-449a mimic or inhibitor, or the corresponding NC in (C) Hep-2 and (D) HNO210 cells. (E) Colony formation was determined in Hep-2 cells transfected with either miR-449a mimic or inhibitor, or the corresponding NC. Each sample was run in triplicate. Error bars show mean ± SD. The t test was used for the calculation of p values. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

To investigate biological functions of miR-449a in LCa cells, we performed both gain- and loss-of-function studies through transient transfection by Lipofectamine 2000 of either miR-449a mimic or inhibitor, as well as their respective negative controls (NCs) in Hep-2 and HNO210 cell lines. Mimic and inhibitor NCs are, respectively, a double-stranded and a single-stranded RNA molecule with scramble sequence, used to confirm the specific biological effect induced by the active nucleotides. First, we confirmed and determined the ectopic expression of miR-449a in the two LCa cell lines by RT-qPCR analysis. As a result, we observed the expected miR-449a upregulation after miRNA mimic transfection, compared to NC treatment (p \< 0.001, respectively) ([Figure 4](#fig4){ref-type="fig"}B). In addition, miR-449a overexpression was more significant in Hep-2 with respect to the HNO210 cell model. Alternatively, miR-449a inhibitor did not change the miR-449a expression compared to the NC inhibitor in both cell lines ([Figure 4](#fig4){ref-type="fig"}B).

In order to analyze the antitumor effects of miR-449a, we assessed the inhibition of both cell viability and proliferation by an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide) assay, in a time-course experiment, and colony formation assays, as described in [Materials and Methods](#sec4){ref-type="sec"}. In particular, our results showed that miR-449a ectopic expression significantly suppressed cell proliferation of both Hep-2 (52%, p \< 0.01) ([Figure 4](#fig4){ref-type="fig"}C) and HNO210 (72%, p \< 0.01) cells ([Figure 4](#fig4){ref-type="fig"}D) at 120 h.

Starting from the above results, Hep-2 cells, which showed low miR-449a basal levels and were remarkably affected by miR-449a transfection, were selected as an optimal cell model for further studies based on miRNA replacement.

Clonogenic assays displayed a significant decrease of Hep-2 cell colony formation capacity to 16.5% upon miR-449a transfection, as visually observed by ImageJ analysis (p \< 0.01) ([Figure 4](#fig4){ref-type="fig"}E). In contrast, the transfection of miR-449a inhibitor did not affect the clonogenic ability of Hep-2 cells.

In conclusion, miR-449a ectopic expression in Hep-2 cells caused a strong inhibition of cell proliferation, clearly showing that miR-449a plays a tumor suppressive role in Hep-2 cells.

miR-449a Overexpression Suppressed Cell Migration and Invasion in LCa Cells {#sec2.5}
---------------------------------------------------------------------------

The metastatic ability of miR-449a in both cell migration and invasion was assessed via wound healing and transwell invasion assays, respectively, in Hep-2 cells transfected with miR-449a mimic or inhibitor. A wound-healing assay showed that miR-449a overexpression suppressed cell migration at 24 (p \< 0.01) and 48 h (p \< 0.001) from the scratch ([Figure 5](#fig5){ref-type="fig"}A). Moreover, a transwell invasion assay clearly demonstrated that overexpressed miR-449a strongly inhibited cell invasion to 5% at 24 h (p \< 0.05) ([Figure 5](#fig5){ref-type="fig"}B). However, there was no significant difference between NC and miR-449a inhibitor treatments in both cell migration and invasion abilities.Figure 5miR-449a Suppresses Cell Migration and Invasion in LCa Cells(A) Cell migration was assessed by a wound-healing assay in Hep-2 transfected with miR-449a mimic or inhibitor, or the corresponding NC. (B) Cell invasion was evaluated in Hep-2 transfected with miR-449a mimic or inhibitor, or the corresponding NC employing a transwell invasion assay. The purple region indicates invaded cells, and black dots show pores of transwell chamber. Each sample was run in triplicate. Error bars show mean ± SD. The t test was used for the calculation of p values. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

Overall, high expression of miR-449a suppressed metastatic potential of Hep-2 cells *in vitro*, suggesting its availability as a therapeutic agent in treating metastatic LCa.

Notch1 and Notch2 Are miR-449a Target Genes in LCa cells {#sec2.6}
--------------------------------------------------------

A further study of the molecular mechanisms underlying the metastatic potential of LCa has been carried out through the identification of miR-449a target genes. We first used online available *in silico* tools, with four different algorithms (TargetScan 7.1, DIANA-microT-CDS 5.0, miRANDA-mirSVR, and miRmap). According to the prediction, we focused on both Notch1 and Notch2 genes, which were considered to be linked with metastases in LCa[@bib33]^,^[@bib34] and were commonly predicted by the tools as putative miR-449a targets. As shown in [Figure 6](#fig6){ref-type="fig"}A, miR-449a possesses complementary sites at 180--186 positions of the 3′ UTR of Notch1 mRNA and 2466--2472 positions of the 3′ UTR of Notch2 mRNA (predicted by TargetScan). On these bases, we assessed, by RT-qPCR, the expression of both Notch1 and Notch2 mRNA in transfected Hep-2 cells with miR-449a mimic or inhibitor and compared it to the mRNA levels in each corresponding NC-transfected ones. As a result, a significant decrease in Notch1 (at 24 h, FC = 0.60 \[95% CI = 0.51--0.70\], p \< 0.001; at 48 h, FC = 0.52 \[95% CI = 0.51--0.53\], p \< 0.01) and Notch2 (at 24 h, FC = 0.44 \[95% CI = 0.39--0.50\], p \< 0.001; at 48 h, FC = 0.33 \[95% CI = 0.33--0.34\], p \< 0.001) mRNA was found in Hep-2 cells overexpressing miR-449a ([Figure 6](#fig6){ref-type="fig"}B). In addition, decreased levels of Notch1 (FC = 0.46 \[95% CI = 0.37--0.56\], p \< 0.01) and Notch2 proteins (FC = 0.57 \[95% CI = 0.41--0.73\], p \< 0.01) were observed by western blot analysis ([Figure 6](#fig6){ref-type="fig"}C). Alternatively, miR-449a inhibitor did not affect both mRNA and protein expression of these Notch genes. Thus, it was demonstrated that miR-449a strongly suppressed Notch molecules at both the translational and transcriptional levels.Figure 6miR-449a Negatively Regulates Notch1 and Notch2 in LCa Cells(A) The figure shows representative interaction models between miR-449a and Notch molecules (Notch1 and Notch2). The bindings, predicted by TargetScan, show that Notch1 and Notch2 are putative target genes of miR-449a. (B) The Notch1 and Notch2 mRNA levels were measured in Hep-2 cells transfected with miR-449a mimic or inhibitor, or the corresponding NC using RT-qPCR. HPRT1 mRNA was used as a normalizer. (C) The protein expression levels of Notch1 and Notch2 were determined in Hep-2 cells at 48 h after the transfection of miR-449a mimic or inhibitor, or the corresponding NC by western blot analysis. α-Tubulin was used as a loading control of each western blot (WB). Each sample was run in triplicate. Error bars show mean ± SD. The t test was used for the calculation of p values. ∗p \< 0.01, ∗∗p \< 0.001.

To confirm whether miR-449a directly binds to the 3′ UTR of Notch1 and Notch2, we performed a luciferase reporter assay using co-transfected Hep-2 cells with a miR-449a mimic or NC and a corresponding luciferase reporter plasmid containing a wild-type or mutated target 3′ UTR sequence of Notch1 and Notch2 genes, respectively ([Figure 7](#fig7){ref-type="fig"}A). As a result, the luciferase activities for wild-type 3′ UTR of both Notch1 and Notch2 were significantly reduced by 60% (p \< 0.01) and 37% (p \< 0.01), respectively, compared to the NC treatment conditions ([Figure 7](#fig7){ref-type="fig"}B). As expected, the corresponding mutated 3′ UTR sequences were not able to suppress luciferase activity induced by miR-449a mimic.Figure 7miR-449a Directly Binds to 3′ UTR of Notch1 and Notch2 in LCa Cells(A) Schematic diagram of luciferase reporter plasmid containing wild-type or mutated 3′ UTR target sequence of Notch1 and Notch2 for miR-449a. (B) The relative luciferase activity was determined using co-transfected Hep-2 cells with miR-449a mimic or NC and each corresponding luciferase reporter plasmid. Statistical significance was calculated in comparison between the wild-type group and the mutation group. Each sample was run in triplicate. Error bars show mean ± SD. The t test was used for the calculation of p values. ∗p \< 0.01.

In conclusion, miR-449a targets both Notch1 and Notch2 through direct interaction between miR-449a and each gene, leading to the repression of their expression.

Discussion {#sec3}
==========

Despite a growing body of studies, treatment and diagnosis approaches for metastatic LCa still remain to be further investigated. Trying to tackle this urgent need, miRNAs, key regulators of numerous genes at post-transcriptional levels, have emerged as new players modulating physiologic and pathologic events. Therefore, miRNAs have been considered to be potential diagnostic and therapeutic tools. In the present study, we mainly aimed to accumulate scientific evidence for the identification of candidate miRNAs associated with cancer metastatic potential in LCa patients. To achieve this aim, we have performed a comprehensive screening assay to determine a global miRNA profile in tissues collected from LCa patients with a subsequent validation to confirm the modulation of selected candidate miRNA (miR-133b, miR-449a, and miR-652) levels. Based on the results, we focused on miR-449a, which was significantly downregulated in LCa tissues affected by lymph node metastases (N+), for additional studies to understand its biological roles, particularly metastatic capacity.

The miR-449 family, consisting of miR-449a, miR-449b, and miR-449c, is frequently underexpressed in malignancies and may act as a tumor suppressor via the inhibition of a broad variety of oncogenes.[@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32] The miR-449 family shares a sequence similar to the miR-34 family, which is well studied as an onco-suppressor in various cancers;[@bib35] therefore, predictable overlap of biological roles could be found through the identification of the common regulatory genes. In our profiling study, miR-449a, which was much more strongly downregulated in N+ tissues compared to N− ones, demonstrated a good potential to diagnose metastasized LCa.

Using the results of the validation set, we analyzed the diagnostic potential of miR-449a as a biomarker. ROC curve analysis showed the predictive power of miR-449a as a molecular marker for the diagnosis of LCa patients with node metastases owing to its significant deregulation in N+.

Based on the results, we hypothesized that miR-449a is closely involved in molecular machinery of LCa progression and metastasis. To test this hypothesis, we examined biological functions of miR-449a. Our study showed that miR-449a significantly suppressed Hep-2 cell proliferation, evaluated by both MTT and clonogenic assays, thereby indicating the tumor-repressive effects of miR-449a in LCa. More importantly, scratch and transwell invasion assays revealed that miR-449a also had suppressive roles on cell migration and, especially, invasion. This demonstrates that miR-449a can inhibit both spreading and metastasizing growth and could be useful for therapeutic approaches in LCa patients affected by nodal metastases. These data support other reports that showed suppressive effects of miR-449a in various tumors.[@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32] In contrast, the loss-of-function experiments did not show the expected reversion of miR-449a-induced cellular effects, although they have traced the results observed upon transfection with the corresponding NC. The latter result could be ascribed to the low basal miR-449a levels in Hep-2 cells.

The most commonly used *in silico* prediction tools (see [Materials and Methods](#sec4){ref-type="sec"}) showed that both Notch1 and Notch2 are possible target genes of miR-449a. We demonstrated that miR-449a mimic transfection in LCa cells strongly decreased the expression of both genes. In addition, through a luciferase reporter assay, we showed direct interaction between miR-449a and the 3′ UTR of both Notch genes in LCa cells. The Notch family consists of four receptors, Notch1--4, widely expressed in human cells, where they play essential roles in the control of embryonic development and cell homeostasis. Notch signaling aberration is commonly found in the oncological microenvironment where it is strongly associated with divergent pathological events, including tumorigenesis, cancer development, invasion, and metastasis.[@bib36], [@bib37], [@bib38], [@bib39] High expression of Notch genes in LCa tissues was already found in previous studies, which also linked it to metastases.[@bib33]^,^[@bib34] In addition, other studies reported both direct and indirect interaction between Notch signaling and miR-449a in various diseases.[@bib31]^,^[@bib40], [@bib41], [@bib42], [@bib43]

However, despite advances in investigations, the precise oncogenic or tumor suppressive role of Notch genes is still controversial, even within the same disease.[@bib36], [@bib37], [@bib38], [@bib39] Furthermore, the biological implications of miR-449a and its correlation with Notch expression in LCa are still largely undefined. Because Notch is overexpressed in metastatic LCa, miR-449a may be used as an anti-cancer weapon used alone or in combination therapy with Notch inhibitors. Interestingly, our study revealed that miR-449a triggered repression of Notch1 and Notch2 expression as direct targets, in part resulting in the decrease of Hep-2 cell proliferation, migration, and invasion. To our knowledge, no detailed study including the biological functions of miR-449a in LCa has been reported. Therefore, our study provides new insights into the relevance of both Notch and miR-449a in LCa.

In the reported tissue miRNA screening and validation set, the miR-133b level was drastically changed (underexpressed) in LCa when compared to an adjacent normal counterpart, suggesting its possible use as diagnostic marker in LCa patients and also its potential therapeutic function for replacement therapy. Most importantly, the ROC curve analysis showed that miR-133b has a moderate potential diagnostic value to detect LCa.

miR-133b, which is a member of miR-133 family, belongs to a cluster composed of miR-1, miR-133, and miR-206 (cluster miR-1/133/206). The miR-133 family was initially thought to be a class of canonical muscle-specific miRNAs that was enriched in heart and skeletal muscle. All cluster members modulate myogenesis, muscle development, and remodeling.[@bib44] Apart from miR-206, which is not included in the array card, the expression of the other miR-133 family members was significantly reduced in LCa in the screening set.

Many studies have demonstrated that miR-133b is downregulated in different tumors and has anti-tumor activity.[@bib44], [@bib45], [@bib46], [@bib47], [@bib48] miR-133b was already negatively correlated with lymph node metastases in gastric cancer patients, and its exogenous overexpression markedly suppressed metastases in gastric carcinoma cells both *in vitro* and *in vivo*.[@bib45] Saito et al.[@bib22] showed that miR-133b expression levels were lower in LCa when compared to matched non-cancerous tissues. Notably, Sousa et al.[@bib46] reported that miR-133b was downregulated, but without statistical significance, and was not associated with lymph node metastases in head and neck cancer samples, including LCa specimens. At least two papers, investigating head and neck cancers,[@bib22]^,^[@bib46] agree with our findings about miR-133b downregulation in tumor samples and no correlation with lymph node metastases in LCa patients.

To summarize this part of our study, miR-133b downregulation may be a powerful indicator of oncogenic laryngeal events and also a therapeutic tool for LCa treatment.

Since the validation did not show significant miR-652 modulation in LCa samples, probably its aberration does not have metastatic potential in LCa patients. Conversely, previous studies suggested that miR-652 could be associated with a metastatic role in other types of tumors, and miR-652 deregulation might be a therapeutic target for several diseases.[@bib49], [@bib50], [@bib51] Among them, one report revealed that miR-652 directly interacts with Jagged1 (a Notch1 ligand), and miR-652 inhibition by antisense oligonucleotides induces Jagged1 upregulation.[@bib49]

Our present work is unlikely to open a scenario on the crucial importance of miR-652 in LCa, but the study of miR-652 biological function could be important for a better understanding of molecular pathological mechanisms of the neoplasm.

In conclusion, our comprehensive gene profile provides intriguing information on miRNA deregulated signatures associated with nodal involvement in LCa patients and significantly contributes to the development of therapeutic opportunities for the disease. Our results clearly showed that miR-449a works as a tumor suppressor and strongly reduces metastatic capacity of LCa, at least in part, via the inhibition of Notch1 and Notch2 molecules as direct targets. To our knowledge, our study provides the first evidence of Notch genes' direct targeting by miR-449a in LCa. Taken together, the present data provide accumulative evidence about metastasis-associated miRNAs in LCa patients and demonstrate that miR-449a could become a new powerful tool to effectively treat malignant metastases in LCa patients.

Materials and Methods {#sec4}
=====================

Clinical Samples {#sec4.1}
----------------

Tissue samples were collected from patients enrolled at the Ear, Nose and Throat Division at the University of Naples "Federico II," the University of Campania "L. Vanvitelli," the "Monaldi" Hospital, and the "Antonio Cardarelli" Hospital. Informed consent was obtained from all patients.

Forty-six LCa tissues taken from 23 patients suffering from lymph node metastases (N+) or the same number of patients without metastases (N−), and 30 adjacent noncancerous samples were enrolled in the screening set. Seventy-six cancerous samples (38 N+ and 38 N−) and their counterparts, including all subjects in the screening, were used in the validation set. Clinical information on the patients is summarized in [Table 1](#tbl1){ref-type="table"}. Tissue specimens were introduced into RNAlater (Ambion, Life Technologies, Carlsbad, CA, USA) and were kept at 4°C until RNA extraction.

Cell Culture and Transfection {#sec4.2}
-----------------------------

Immortalized human keratinocytes (HaCaT) were available within our research network. The LCa Hep-2 cell line was kindly provided by Dr. Alfredo Budillon (Department of Experimental Oncology, National Institute, Italy). The LCa cell line HNO210 was purchased from CLS Cell Lines Service (Eppelheim, Germany). Both cancer cell lines and human keratinocytes were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Lonza, Switzerland), 50 U/mL penicillin, 500 mg/mL streptomycin, and 4 mM glutamine (Gibco, Life Technologies, Carlsbad, CA, USA) in a humidified atmosphere of 5% CO~2~ at 37°C. The LCa cells were placed at a density of 4.0 × 10^5^ cells per well in Opti-MEM media (Gibco, Life Technologies, Carlsbad, CA, USA) in a six-well plate. After incubation for 24 h, the cells were transfected with mimic miR-449a (*mir*Vana miRNA mimic) (Life Technologies, Carlsbad, CA, USA), or scramble negative control (*mir*Vana miRNA mimic, negative control \#1) (Life Technologies, Carlsbad, CA, USA), or antago-miR-449a (*mir*Vana miRNA inhibitor) (Life Technologies, Carlsbad, CA, USA), or scramble negative control (*mir*Vana miRNA inhibitor, negative control \#1) (Life Technologies, Carlsbad, CA, USA) using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA), according to the provided instructions. After incubating the transfected cells in culture for 24 h, the medium was replaced into fresh complete medium.

RNA Extraction {#sec4.3}
--------------

Total RNA, including miRNA, was extracted from either approximately 50 mg of clinical tissue specimens or the culture cells using a *mir*Vana PARIS kit (Ambion, Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol with the following modification: RNA was finally eluted into 50 μL of pre-heated elution buffer in order to concentrate the extract. RNA purity and quantity were measured by a spectrophotometer using the 260/280 ratio with a NanoDrop ND-1000 (Thermo Scientific, Wilmington, NC, USA). RNA samples were stored at −80°C until further processing.

PCR Array Screening Assay {#sec4.4}
-------------------------

As described above, 46 laryngeal tumors (23 N+ and 23 N−) and 30 of their adjacent normal tissues were selected in the screening study. Each type of sample (N+, N−, and normal) was divided into five pools, respectively, for statistical analysis. In detail, with regard to the N+ and N− groups, one pool including seven RNA samples and four pools individually containing four RNA samples were prepared. Alternatively, for the paired normal cohort, one pool including 14 RNA samples and four pools individually consisting of 4 RNA samples were prepared. 3 μL of each RNA sample (20 ng/μL) was mixed for preparing pool samples, resulting in a total of 15 samples prepared.

Starting from 60 ng, each pool sample was then subjected to reverse transcription steps. In this experiment, cDNA was synthesized with Megaplex RT primers, Human Pool A v2.1 (Applied Biosystems, CA, USA) following the Megaplex Pool A protocol, and stored at −20°C when not used immediately. The miRNA expression profiling was subsequently performed using TaqMan Array Human MicroRNA A Cards v2.0 (Applied Biosystems, CA, USA), which allows simultaneous determination of 377 mature miRNA signatures in a single experiment, and TaqMan Universal PCR Master Mix (Applied Biosystems, CA, USA) following the manufacturer's manuals. The assay was run on a ViiA 7 real-time PCR system (Applied Biosystems, CA, USA).

The Ct value of every miRNA was determined using ViiA 7 software (Applied Biosystems, CA, USA) and setting a threshold of 0.2. Ct values of miRNAs undetermined by the instrument were set up at 40.0 in order to use them for the statistical analysis. For calculating the ΔCt of miRNAs of interest, Ct values of every miRNA were normalized by U6 small nuclear RNA (snRNA) as an endogenous control, and mean Ct values of a miRNA across five pools were used. The relative miRNA expression was calculated with the ΔΔCt method. FC was calculated using the 2^−ΔΔCt^ method.

RT-qPCR for miRNA and mRNA Expression {#sec4.5}
-------------------------------------

For the validation of miRNAs, 32 N+ and the same number of N− and 64 of their neighboring normal tissues, which were included in all samples in the screening, were used in the validation set. In the validation of miR-449a, 12 pairs of samples were also used for an additional validation test.

cDNA synthesis was performed using a TaqMan miRNA reverse transcription kit (Applied Biosystems, CA, USA) for three miRNA candidates (miR-133b, miR-449a, and miR-652), and using a QuantiTect reverse transcription kit (QIAGEN, Hilden, Germany) for Notch1 and Notch2 mRNAs in accordance with the manufacturers' instructions. The expression levels of miRNA candidates were detected using TaqMan Fast universal PCR master mix (Applied Biosystems, CA, USA), whereas expression levels of Notch1 and Notch2 were measured using SYBR Green master mix (Thermo Fisher Scientific, Waltham, MA, USA) via the ViiA 7 real-time PCR system (Applied Biosystems, CA, USA) with each primer for TaqMan miRNA primers (Applied Biosystems, CA, USA) or a QuantiTect primer assay (QIAGEN, Hilden, Germany), respectively.

Real-time PCR was also performed on a ViiA 7 real-time PCR system. Likewise, Ct, ΔCt, and FC were calculated according to the above-mentioned steps in the PCR array session. For evaluation of miRNA, U6 snRNA was also used as a control, while HPRT1 was applied to a reference gene to evaluate mRNA level. Each sample was run in triplicate.

MTT Assay {#sec4.6}
---------

Transfected cells were seeded into 96-well plates at 2,000 cells/well and incubated at 37°C in 5% CO~2~. After 24, 48, 72, 96, and 120 h, the cells were stained using MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) for 4 h. Acidified isopropanol was added to dissolve MTT into each well and mixed for 20 min by shaking. Absorbance at 570 nm was measured by an iMark microplate absorbance reader (Bio-Rad, Hercules, CA, USA).

Colony Formation Assay {#sec4.7}
----------------------

Transfected cells were seeded into six-well plates at 2,000 cells/well and cultured for 9 days in DMEM (Gibco, Life Technologies, Carlsbad, CA, USA) with 20% FBS (Lonza, Switzerland). Cells were then fixed by 70% ethanol and stained with 0.25% crystal violet (Sigma-Aldrich, St. Louis, MO, USA). After staining, the area of colonies was measured using ImageJ software.

Wound-Healing Assay {#sec4.8}
-------------------

Transfected cells were cultured to confluence in 24-well plates. A sterile 10-μL tip was used to scratch through the cultured cells. Then, the medium was replaced with fresh serum-free DMEM (Gibco, Life Technologies, Carlsbad, CA, USA). The wound area was observed by a microscope (EVOS FL cell imaging system) (Life Technologies, Carlsbad, CA, USA) at each time point (0, 24, and 48 h). The closure of wound was calculated using ImageJ.

Transwell Invasion Assay {#sec4.9}
------------------------

For the transwell assay, 5 × 10^4^ transfected cells in serum-free medium were applied into the upper transwell chamber (Corning Life Sciences, NY, USA) coated with 0.2 mg/mL Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), and then 600 μL of DMEM (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS (Lonza, Switzerland) was added into the lower chamber. After 24 h, each transwell chamber was washed with PBS buffer and the non-invasive cells were carefully removed using cotton swabs. The invasive cells were fixed in 100% methanol and stained with 0.25% crystal violet (Sigma-Aldrich, St. Louis, MO, USA), imaged, and quantified in five random fields using an inverted microscope (Eclipse microscope) (Nikon, Tokyo, Japan). The number of invaded cells was counted using ImageJ.

*In Silico* miRNA Target Gene Prediction {#sec4.10}
----------------------------------------

A combination of the four online available bioinformatics tools, that is, TargetScan (version 7.1) (<http://www.targetscan.org/>), DIANA-microT-CDS (version 5.0) (<http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index>), and miRANDA-mirSVR (released 2010) (<http://www.microrna.org/microrna/home.do>), and miRmap (<https://mirmap.ezlab.org/>), was used to determine putative predicted targets of miR-449a.

Western Blot Analysis {#sec4.11}
---------------------

Cultured cells were lysed with Pierce IP lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) plus 10 ng/mL aprotinin, 10 ng/mL leupeptin, 1 mM PMSF, 1 mM sodium orthovanadate, and 25 mM sodium fluoride on ice for 10 min.[@bib52] Cell lysates were collected by centrifugation at 13,000 rpm for 10 min, and then the protein concentrations were determined using Bradford reagent (SERVA Electrophoresis, Heidelberg, Germany). Protein samples (20 μg/lane) were separated on a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). Proteins were detected using Notch1, Notch2, and α-tubulin antibodies (1:1,000) (Cell Signaling Technology, Danvers, MA, USA), followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,000) (ImmunoReagents, Raleigh, NC, USA). The immunoreactive protein bands were visualized using an enhanced chemiluminescence substrate kit (Bio-Rad, Hercules, CA, USA).

Luciferase Reporter Assay {#sec4.12}
-------------------------

Hep-2 cells were harvested into a 96-well plate at 5,000 cells/well and cultured overnight. Thereafter, cells were co-transfected with miRNA mimic or negative control together with each luciferase plasmid. In detail, miR-449a mimic (*mir*Vana miRNA mimic) (Life, Technologies, Carlsbad, CA, USA) or scramble negative control (*mir*Vana miRNA mimic, negative control \#1) (Life Technologies, Carlsbad, CA, USA) was transfected using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA), while pEZX-MT06 plasmids containing either wild-type or mutated 3′ UTR of Notch1 or Notch2 (GeneCopoeia, Rockville, MD, USA) were transfected using Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA), following the provided manual. After a 24-h incubation, cell medium was exchanged with fresh DMEM containing 10% FBS. Twenty-four hours later, a dual-luciferase reporter assay was conducted using a Luc-Pair duo-luciferase HS assay kit (GeneCopoeia, Rockville, MD, USA), according to the manufacturer's instructions. Luciferase activity was detected under the control of a Tecan Infinite M200 (Tecan, Männedorf, Switzerland). For normalization of firefly luciferase activity, the luminescence intensity of Renilla luciferase was used as an internal control of transfected cells.

Statistical Analysis {#sec4.13}
--------------------

In the PCR array screening study, differential expression was assessed by linear regression models with empirical Bayes moderated t statistics using Bioconductor package limma v.3.32.8.[@bib53] To account for multiple testing, false discovery rate (FDR)-adjusted p values were computed according to the Benjamini-Hochberg method.[@bib54] Comparison between two groups was analyzed with Student's t tests. A clustered heatmap was constructed by heatmap.2 functional analysis in the g plots package of the statistical computing tool R (version 3.4.3). ImageJ software was applied to estimate the results of colony formation and wound-healing assays, respectively. ROC curve analysis was conducted using R (version 3.4.3) to evaluate biomarker potential, including AUC, sensitivity, and specificity of tissue miRNA candidates. A 95% CI was calculated using data of fold change. Data are expressed as the mean ± SD. p \< 0.05 was considered statistically significant.
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